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The higher-order structure in multicomponent polymeric systems is governed by the kinetic as well as
thermodynamic factors, because both crystallization and molecular diffusion are relatively slow in
polymers. In crystalline/amorphous polymer blends, the higher-order structure is formed by the
competition or interplay between the crystallization and chain diffusion rates. Whether amorphous
chains can be contained in the inter-crystalline lamellae, interﬁbrillar region or outside of the spherulite
is determined by such kinetic factors. In crystalline-amorphous block copolymers, the higher-order
structure is formed by the combination of the crystallization and microphase separation (MS). When
the block copolymer is crystallized from microphase-separated melts, whether the MS structure in the
melt is kept or not is also determined by the kinetic factors and depends on the MS structure. The
crystallization in the MS structure must occur within the limited domain whose size is comparable to
that of the chain dimension. The kinetics of such conﬁned crystallization is of particular interest. In the
crystallization occurring simultaneously with liquideliquid phase separation (LLPS) in the polymer
blend, it is expected that LLPS affects the crystallization rate. The structure of crystalline/crystalline block
copolymers and polymer blends is formed by the competition between the crystallization rates of both
components. In this paper, the behavior of crystallization and the formation of higher-order structure in
multicomponent polymeric systems are reviewed especially in the kinetic aspect.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Over the past few decades, crystallization behavior and forma-
tion of higher-order structure of multicomponent polymeric sys-
tems, such as block copolymers, graft copolymers and polymer
blends, containing crystalline components have been explored
extensively [1e3]. Higher-order structure of these crystalline sys-
tems is formed by the interplay between two kinds of phase tran-
sitions, crystallization and liquideliquid phase separation (LLPS).
Polymers have a feature that both crystallization and diffusion are
not so fast, compared to those of low-molecular weight material.
Therefore, the structure formed by the above interplay is governed
by kinetic as well as thermodynamic factors.
In the polymer blends with a phase diagram containing both
liquideliquid and solideliquid equilibria, as shown in Fig. 1, when
the blend with a certain composition is quenched from a homo-
geneous liquid state (denoted by L) to a two-phase region (L þ C),
the ﬁnal phase structure may be determined by the competitionshiomi@vos.nagaokaut.ac.jp
Y-NC-ND license.between the LLPS and crystallization. Crystallization-induced LLPS
and LLPS-induced crystallization might also occur kinetically in A0
and B0, respectively, in the process of the structure formation.
Furthermore, an amorphous component can be excluded from or
included in the inter-crystalline lamellar region. The exclusion or
inclusion is also determined by the competition between the
crystallization andmolecular diffusion rates. In addition, in the case
of crystalline/crystalline polymer blends, the competition between
the crystallization rates of both components is also a factor for the
formation of the higher-order structure.
In crystalline block copolymers, especially composed of crys-
talline and amorphous components, microphase separation (MS) is
a key factor for the formation of the higher-order structure. When
the block copolymer is crystallized from the microphase-separated
melt, as shown in Fig. 2, there are two cases of the resulting higher-
order structures: one is that the crystallization occurs within the
melt microdomain, and the other is that the crystallization breaks
the melt MS structure to form an alternating structure of the
crystalline and amorphous layers as observed usually in crystalline
polymers. These two higher-order structures are also considered
to be determined by the competition between the crystallization
and chain diffusion rates. In addition, in the block copolymers
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Fig. 1. Schematic phase diagram containing both LLPS and melting curves.
H. Takeshita et al. / Polymer 54 (2013) 4776e4789 4777composed of only crystalline components, the competition in the
crystallization rate between both components may affect the
higher-order crystalline structure such as lamellar and spherulite
structures.
Crystallization behavior itself has also been investigated espe-
cially in the kinetic aspects [1,4e7]. When the block copolymer
crystallizes from the microphase-separated melts with keeping the
MS structure, the crystallization must occur within the restricted
microdomain whose size is comparable to that of the chain
dimension. Such conﬁned crystallization has been observed in two-
step crystallizations of miscible crystalline/crystalline polymer
blends as well [8], in which one component crystallizes and sub-
sequently the other one crystallizes under the pre-existing crys-
talline structure. In this crystallization, the enhancement of the
nucleation of the later crystallized component was also observed.
As another interesting crystallization kinetics in polymer blends, it
has been observed that the crystallization is enhanced when the
crystallization occurs simultaneously with LLPS [9e11].Fig. 2. Phase structure in crystallization of crystalline-amorphIn this paper, we will present the crystallization and higher-
order structure formation characteristic of block copolymers and
polymer blends. In addition, the crystallization of cyclic and
branched polymers is also described. Furthermore, the phase
structure formation of liquid crystalline block copolymers is
compared to that of crystalline block copolymers.2. Block copolymers
2.1. Crystalline-amorphous block copolymers
In crystallization of crystalline-amorphous block copolymers,
the following subjects have been of interest: (1) whether the
microphase separation structure is maintained or destroyed when
the block copolymer is crystallized from microphase-separated
melts, (2) how is the orientation of crystals to the interface of the
microdomain in the case of crystallization keeping the melt MS
structure, and (3) how is the characteristics of the crystallization
itself, especially crystallization kinetics, within the microdomain.
(1) Maintaining or destroying microphase separation structure in
crystallization
Since Nojima et al. [12] ﬁrst explored the change of MS structure
in the crystallization using time-resolved small-angle X-ray scat-
tering (SAXS) techniques with synchrotron radiation, many in-
vestigations have been performed. In the early stage of this study, a
main argument on this subject was based on the segregation de-
gree expressed by the FloryeHuggins interaction parameter cN
[2,3]. However, the segregation degree estimated by the cN is
regarding the liquideliquid phase separation, though the crystal-
lization is a liquidesolid phase transition. Because polymer systems
are usually crystallized in the condition far from the equilibrium
state, that is, under a large supercooling degree, the energy gap
between the crystalline and melt states may be larger than that of
the liquideliquid phase separation. Therefore, it is considered that
usually the MS structure is destroyed by the crystallization. How-
ever, considering that both crystallization and molecular diffusion
are relatively slow in the polymer systems, the resulting structure
may be determined by kinetic factors. To conﬁrm this argument,ous block copolymers from microphase-separated melts.
H. Takeshita et al. / Polymer 54 (2013) 4776e47894778two kinds of block copolymers having glassy and rubbery polymers,
respectively, as an amorphous component were used. The MS
structure is frozen by the glassy domains in the former block
copolymer, while in the latter the amorphous polymer chain can
move ﬂexibly at crystallization temperatures.
A typical example of the former can be seen for polystyrene-
polyethylene (PS-PE) block copolymers [13]. Fig. 3 (where the
sample names are SE for diblock copolymer, SES for PS-PE-PS tri-
block copolymer and the numeral is a PE content expressed with
wt.%) shows SAXS proﬁles in the melt and crystalline states, where
the isothermal crystallization was carried out at 73e74 C which
was below the glass transition temperature Tg of PS. The peak po-
sitions in the crystalline state coincide completely with those in the
melt state (140 C), and the peak intensity becomes weak in the
crystalline state because the difference in the electron density be-
tween PE and PS is smaller in the PE crystalline state. This SAXS
results indicate that the crystallization did not destroy the melt MS
structure.
The preservation of the MS structure was conﬁrmed in the
repeat of crystallization and melting as well. Fig. 4 shows the
behavior of the spacing (a) and the SAXS proﬁles (b) for the SE34
sample as-cast at 60 C, as the temperature varies [13]. The as-cast
sample was heated from 30 to 140 C ﬁrst, and then rapidly
quenched for crystallization, followed by heating for re-melting.
Fig. 4(b) shows SAXS proﬁles at the selected temperatures in the
ﬁrst heating. When the as-cast sample is heated from 30 C, the
spacing is shrunk by melting around 100 C and then becomes
large. At 140 C, as shown in Fig. 4(b), the higher-order peaks
appear, which means that the regular MS structure is formed over
Tg of PS because the PS chains become to move. In the subsequent0.60.40.20.0
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Fig. 3. SAXS proﬁles of PE-PS in the melt and crystalline states [13]; the numeral value
of the sample code indicates the PE content.crystallization and melting, the spacing is almost maintained.
Namely, once the regular MS structure is formed, it is not destroyed
in further crystallization and melting.
Fig. 5 [14] presents SAXS proﬁles in the melt and crystalline
states of poly(butadiene)-poly(ethylene glycol) (PBd-PEG) block
copolymers (BE, the numeral of the sample name indicates wt. % of
PEG), in which PBd chains can move ﬂexibly at the crystallization
temperature Tc of PEG. In Fig. 6 [14] is shown the time development
of the 1st-order peak in the crystallization process. Although BE51
(M(molecular weight) ¼ 10.6 k) has a lamellar structure in both
melt and crystalline states as shown in Fig. 5, the lamellae in the
crystalline state are different from those in the melt state. In
Fig. 6(b), the peak in the initial stage is due to the MS structure in
the melt. As a new peak due to the crystal lamellae appears in the
lower scattering angle side and develops, the intensity of the pre-
existing peak decreases and at last the peak disappears. This
means that the structure is reorganized by crystallization. In BE34
(M ¼ 15.9 k) where PEG exists in the cylindrical domain, on the
other hand, the peak position does not change discontinuously but
shifts only a little to a smaller angular position with an increase in
the intensity, as shown in Fig. 6(a). Namely, the PEG chains crys-
tallize keeping the MS structure in the melt. For BE70 (M ¼ 7.7 k) in
which PEG is located in the matrix of the cylindrical MS structure,
the cylindrical structure is maintained at a low Tc while it is
changed to a lamellar structure at a high Tc by the crystallization, as
presented in Fig. 5(BE70) and Fig. 6(c) and (d). At the low Tc, PEG
crystallizes before the amorphous PBd chains move to be rear-
ranged to the alternating lamellar structure favorable to the crys-
talline structure. This shows clearly whether or not the melt MS
structure is maintained is determined by the competition between
the crystallization and diffusion. In the case of BE34, it is hard for
the PBd chain to be rearranged with the crystallization of PEG
because the PBd chain is located in the matrix.
Furthermore, the structural change depends on the molecular
weight as well. As shown in Fig. 7, the MS structure of LBE58 with
M ¼ 13.0 k is destroyed by the crystallization, whereas HBE58 with
the same copolymer composition but a higher molecular weight
(M ¼ 75.5 k) keeps the melt MS structure. LBE58 had clear scat-
tering peaks due to the MS structure even at 200 C in the melt,
which indicates that the segregation is sufﬁciently strong at the
crystallization temperatures studied here. Therefore, even if the
molecular weight of HBE58 is higher than that of LBE58, the
behavior of HBE58 is not necessarily attributed to the strong
segregation, but might be to the slow diffusion in the melt
compared to the crystallization rate, because of its high molecular
weight.
Another factor for maintaining the MS structure was found
in polyethylene-poly(isoprene) block copolymers HEI with
M ¼ 13.0  104 and 0.50 wt. fr. of copolymer composition [15]. This
block copolymer did not keep the melt MS structure in the middle
crystallization temperature region but kept it at both relatively high
and low temperatures. The behavior at middle and low Tcs can be
attributed to the same reason in BE70 described above. The degree
of crystallinity of this polymer is reduced signiﬁcantly at high
temperatures. This arises from the distribution of the ethyl branch
in PE, because the PE block used here was obtained by hydroge-
nation of PBd with a few mol% of 1,2-addition. Therefore, it is
concluded that the low crystallinity is also one of the factors for
keeping the melt MS structure during the crystallization.
In the crystallization from the disordered melt, a unique SAXS
proﬁle has been observed [16e19]. One of the examples is
polyethylene-poly(isoprene) block copolymer (LEI) with
M ¼ 3.2  104 and 0.53 wt. fr. of PE content [19]. The ﬁrst- and
higher-order SAXS peaks were clearly observed in the crystalline
state, and the intensity of the higher-order peaks was considerably
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Fig. 4. (a) The change of the spacing for the SE34 as-cast at 60 C in the heating of 30e140 C, subsequent quenching for crystallization and the second heating for re-melting. (b)
The SAXS proﬁles at the selected temperatures in the ﬁrst heating of 30e140 C [13].
H. Takeshita et al. / Polymer 54 (2013) 4776e4789 4779strong, which was different from the behavior usually observed for
PE homopolymers. The SAXS curve was explained by the lamellar
insertion model proposed by Hama and Tashiro [20], and analyzed
based on this model and the one-dimensional electron density
correlation functionwith a three-phase model. Fig. 8(a) and (b) [19]
showa correlation function and schematic phase structure deduced
from it, respectively. According to the phase model in Fig. 8(b), the
amorphous regions of PE and poly(isoprene) are phase-separated
in each other although the block copolymer is in the disorder
state in the melt. This phase structure similar to a MS structure was
attributed to the localization of the amorphous part of the PE chain
that was anchored to the crystalline lamella.0.0
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Fig. 5. SAXS proﬁles of PBd-PEG block copolymers in the melt and in the crystalline state at t(2) Orientation of crystal within microdomain.
Orientation of crystal axes to the microdomain interface has
been reported by some researchers. Hamley et al. [21] argued that
the direction of the c-axis depended on the molecular weight
because it was required that the interface area per chain should be
matched between the crystalline and amorphous parts. Chen and
coworkers [22] observed for cylindrical and lamellar domains of
poly(ethylene oxide)-polystyrene block copolymers that the
direction of the crystal axis to the domain interface was changed
from random at liquid N2 temperature, to parallel, then to inclined
and ﬁnally to perpendicular, with increasing crystallization1.00.0
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Tc = 36 °C
Tc = 25 °C
Tc = 40 °C
melt
BE70
1.0
/ nm-1
Tc = 35 °C
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he indicated Tc. Reprinted from Ref. [14] with permission of American Chemical Society.
Fig. 6. Time development of the 1st-order SAXS peak in the crystallization from various MS structures for PBd-PEG block copolymers. Reprinted from Ref. [14] with permission of
American Chemical Society.
H. Takeshita et al. / Polymer 54 (2013) 4776e47894780temperature. Recently, Nojima and coworkers [23,24] also
observed for poly(ε-caprolactone) (PCL) homopolymer conﬁned in
the cylindrical domain that the c-axis was oriented perpendicu-
larly to the interface, and that the b-axis was parallel to theFig. 7. Time development of the 1st-order SAXS peak in the high molecular weight
HBE58 and low molecular weight LBE58.cylinder axis in the relatively small cylinder and that the (110)
plane was normal to the cylinder axis in the larger cylinder. These
results indicate that the c-axis is oriented perpendicularly to the
domain interface and that crystals grow to the direction parallel to
the cylinder axis.
(3) Kinetics of crystallization within microdomains
In the case of crystallizationwith keeping themelt MS structure,
the crystallization occurs within the domainwith a size of the same
order as that of polymer molecules. Shiomi et al. [6] observed a
considerably large apparent activation energy of crystallization for
poly(tetrahydrofuran)-polystyrene block copolymers (PTHF-PS) as
seen in the slope of the plots in Fig. 9, where the nucleation term
f(Kn) corresponds to the ﬁrst term in the second exponential term of
Eq. (2) described later. Furthermore, Shiomi et al. [6] found that the
Avrami index was remarkably reduced to be less than 1 in the
crystallization of PTHF-PS. Nojima and coworkers [24] also
observed the same behavior for the PCL homopolymer conﬁned
within the microdomain. Such reduction of the Avrami index was
observed for other crystalline block copolymers containing a glassy
amorphous component [25].
Loo et al. [5] proposed that these tendencies of the large acti-
vation energy and the very small Avrami index arose from the
primary nucleation and the very small domain. The large activation
energy can be explained by the large interface energy in the pri-
mary nucleation, because the interface area should be large in this
nucleation. Furthermore, the crystallization rate is governed by the
nucleation rate rather than the growth rate, because the space for
the crystallization growth is so small that the growth time can be
neglected. Based on this argument, the crystallization rate at a
crystallization time t is proportional to the number of domains
uncrystallized yet, that is, to the uncrystallized fraction (1Xt)
remaining at t, as follows:
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which leads to the ﬁrst-order kinetics. Namely, the exponential of t,
which corresponds to the Avrami index, becomes unity. Recently,
Gai et al. [26] presented by the simulation that the Avrami index
can be taken to be the values of 1 and 0.5.Fig. 9. Plots of the nucleation term f(Kn) vs. 1/TcDT for PTHF-PS block copolymers,
blends and PTHF homopolymers [6]; the PTHF contents of 1, 2, 3 of both Block and
Blend are 59, 51 and 38 vol%, respectively, and the PTHF molecular weight are the same
among the same sample numbers.2.2. Crystallineecrystalline block copolymers
Block copolymers consisting of only crystalline components can
be classiﬁed into two types: one is a combination of component
blocks with different melting temperatures from each other and
the other with almost the same melting temperature. In the
isothermal crystallization of the former, the component chainwith
a higher Tm crystallizes ﬁrst, followed by the crystallization of that
with a lower Tm from the pre-existing crystalline morphology. The
crystallization of the block with the lower Tm is spatially conﬁned
by the pre-existing crystalline lamellae in the similar way to the
crystallization of the block copolymers with a glassy component.
The direction of the crystal axis is affected by the pre-existing
crystalline lamellae. Nojima and coworkers [27] investigated the
orientation of crystalline axes in the crystallization of PCL from the
PE crystalline lamellar morphology for PCL-PE block copolymers,
and observed that the c-axis of the PCL crystals was parallel to the
PE lamellar surface normal irrespective of Tc in the crystallization
from the relatively large long period of PE lamella, whereas in
the smaller long period, the direction of the c-axis was perpen-
dicular to the lamellar surface normal at a higher Tc and random at
a lower Tc.
For block copolymers with almost the same Tm between both
components, the higher-order structure formed by the crystalliza-
tionmay be determined by competition between the crystallization
rates of both components. Shiomi et al. [28] observed double
concentric spherulites for PCL-PEG-PCL triblock copolymers with
an approximately 50% copolymer composition. Such unique
spherulites were formed in the following process, as shown in
Fig. 10(a): the spherulites of one component ﬁrst generate exclu-
sively and develop, and then the spherulites of the other compo-
nent develop from the growth front of the pre-formed spherulite.
The morphologies of the inner and outer spherulites formed thus
are similar to those of PCL and PEG homopolymers, respectively,
shown in Fig. 10(b). The growth rates of the spherulites formed ﬁrst
and later were almost the same as those of the PCL and PEG ho-
mopolymers, respectively. The time-resolved wide-angle X-ray
diffraction (WAXD) observation also exhibited that the peaks due to
the PCL crystal appeared ﬁrst. According to these results, the inner
spherulite formed ﬁrst is assigned to the PCL spherulite and the
outer spherulite to the PEG. The nucleation of the PCL homopoly-
mer is faster than that of the PEG homopolymer, whereas the
growth for PEG is much faster than that for PCL. This may be the
reason why the PCL spherulites were formed ﬁrst, although why
only PCL ﬁrst nucleates exclusively is unclear. Another problem is
why the component of growing spherulites is changed in the course
of the growth process of the spherulite, which remains unclear yet.
In PCL-PEG diblock copolymers which formed no double spheru-
lites, it was observed by WAXD and SAXS measurements that the
PEG component crystallized between the pre-formed crystalline
lamellae of PCL [29].
2.3. Liquid crystalline block copolymers
Here, the change of MS structure caused by the liquid crystal-
lineeisotropic transition is presented for the comparison with
crystallization. The transition heat of liquid crystallization is much
small and the liquid crystals have a long-range order, compared to
those in the crystallization. Therefore, when block copolymers
consisting of side-chain liquid crystalline and amorphous compo-
nents are liquid-crystallized from the microphase-separated state,
it is expected that the MS structure is changed relating closely to
the liquid crystalline structure. Fig.11 [30] shows the changes of the
SAXS proﬁle (a) and the peak positions and intensities (b) in the
process of liquid-crystallization for the block copolymer consisting
Fig. 10. (a) Development of double concentric spherulites at Tc ¼ 45 C in PCL-PEG-PCL block copolymers (M ¼ 6.0 k8.0 k6.0 k). (b) Spherulites of (left) PCL (M ¼ 5.1 k) and (right)
PEG (M ¼ 8.0 k) homopolymers at Tc ¼ 45 C [28].
H. Takeshita et al. / Polymer 54 (2013) 4776e47894782of cyanobiphenyl-type liquid crystalline (PLC) and poly(n-butyl
acrylate) amorphous (PBA) components with a PLC wt. fr. of 0.44.
The peak indicated by ‘A’ in the higher temperature range is the
ﬁrst-order peak due to the MS lamellar structure in the isotropic
state of the liquid crystalline component. A peak due to the smectic
(Sm) liquid crystalline (LC) structure appears at approximately
q ¼ 1.4 nm1 around 110 C and develops with decreasing tem-
perature. As the Sm peak appears, peak ‘A’ from the MS structure
shifts to a smaller q side with decreasing intensity and is succeeded
by peak ‘B’. At almost the same time, a new peak ‘C’ appears at a
smaller q side and develops. Peak ‘B’ disappears with development
of peak ‘C’. Peak ‘C’ is assigned to the MS structure containing the
Sm layers because the peak due to the Sm layer exists in the whole
temperature range below the liquid crystallineeisotropic transition
temperature Tiso. Peak ‘B’ was attributed to the formation of the Nm
structure by the observation with the polarized optical microscopy.
From these observations, it was concluded that the Sm structure
was formed through a transient Nm structure, and that the MS
structure was reorganized in the Sm formation. In the formation of
only nematic (Nm) structure, however, the peak due to the MS
structure changed continuously [30].
In either of Sm or Nm formation, the spacing of MS structure was
enlarged [30,31]. This may be related to the orientation of the
mesogen group. It was observed that the mesogens were alignedparallel to the interface of the microdomain for the above block co-
polymers [31]. This alignment may make the main chain expanded
toward the MS interface, as shown in Fig. 12. This may be the reason
for the expansion of the MS domain spacing. The expansion of the
main chain brings a conformational entropic deﬁcit. To avoid this
deﬁcit, the volume fraction of the liquid crystalline domain should be
enlarged two-dimensionally, which leads to a change of MS struc-
ture. This structure change has been observed [32].
The liquid crystallization from the disordered state was also
reported. Both cases of the order-disorder transition (ODT)-induced
LC transition [31] and the LC-induced ODT [33] were observed.
In the case of liquid crystallization, as described above, the MS
structure is changed ﬂexibly by the liquid crystallization. This is a
remarkable feature in liquid crystalline block copolymers,
contrastive to the behavior in crystalline block copolymers.
3. Polymer blends
The crystallization of the blends miscible in the melt has been
extensively studied [34]. In general, the crystallization rate of
miscible polymer blends consists of a Tg-dependent molecular
transport term and a nucleation term containing the composition
contribution, and it can be expressed with the TurnbulleFischer
equation extended to mixtures [35]:
Fig. 11. Change of SAXS proﬁles (a) and the peak position and intensity (b) in the
liquid-crystallization process for the PLC-PBA block copolymer [30].
Fig. 12. Schematic drawings of chain expansion by the liquid crystallization.
Fig. 13. Overall crystallization rate (a) [8] and spherulit
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where, f2 is the volume fraction of crystalline polymer in the blend,
G0 is a pre-exponential factor, DE is the activation energy for
reputation in the melt, TN is the temperature of cessation of mo-
lecular motion (often taken at Tg30 C), Kg is the nucleation con-
stant, DTc ¼ T m  Tc is the supercooling degree, f is a
dimensionless correction factor given by 2Tc=ðT m þ TcÞ, s is the
lateral-surface free energy of the crystalline lamella, b is the
thickness of a crystal lattice cell in the growth direction and DH is
the heat of fusion per unit volume for a perfect crystal.
Fig. 13 [8] shows an example of the overall crystallization rate
and spherulite growth rate in miscible polymer blends, poly(-
vinylidene ﬂuoride)/isotactic poly(methyl methacrylate) (PVDF/
iPMMA), where iPMMA behaves as an amorphous polymer because
its crystallization is extremely slow. Here, the overall crystallization
rate was deﬁned as the reciprocal of the time t0.5 to achieve 0.5 of
the ﬁnal crystallinity. Both rates of overall crystallization and
spherulite growth decrease with increasing amorphous iPMMA
content at the same Tc. This composition dependence is caused by
the dilution effect rather than glass transition effect at Tc higher
than that at the maximum crystallization rate, because the Tg effect
is not substantial in that temperature range, as described in the
following. The Tc dependence of the crystallization rate is a bell-
shape. In the crystallization of polymers, because the contribu-
tions of the transport and nucleation terms to the crystallization
rate are reverse with respect to Tc, the crystal growth rate of poly-
mers shows generally a bell-shaped temperature dependence be-
tween the melting point and the glass transition temperature. Okui
and co-workers proposed that Tcmax=T

m is about 5/6 in general
polymers [36], where Tcmax is a temperature giving the maximum
growth rate.
In the case that the crystallization occurs simultaneously with
liquideliquid phase separation (LLPS), it has been reported that the
crystallization rate is enhanced [9e11,37e41]. In Fig. 14, the rate of
the crystallization (SQ) that simultaneously occurs with LLPS is
compared to the crystallization (WQ) after LLPS is completed, in the
crystallization of PEG in PEG/iPMMA blends (where iPMMA is again
dealt with as an amorphous component) with a UCST-type LLPS
phase diagram [11]. The phase diagram of the PEG/iPMMA blends is
shown in Fig. 15, together with the time evolution of the charac-
teristic length lm in the spinodal decomposition at 110 C [11]. As
seen in the time dependence of lm, the spinodal decomposition
develops up to about 10min at which the pinning point is observed.e growth rate (b) of PVDF in PVDF/iPMMA blends.
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directly from the one-phase region (140 C) to various Tcs, and in
WQ the sample was kept for 10 min at 110 C and then crystallized
at the indicated Tc’s. Here, the overall crystallization rate in Fig. 14
was deﬁned using the time t0.1 to reach the crystallinity of 0.1, so
that t0.1 could correspond to the time of the early and/or interme-
diate stage of the spinodal decomposition of LLPS. Therefore, the
crystallization rate in SQ should contain the effect of the crystalli-
zation occurring simultaneously with LLPS.
The crystallization rate in SQ of the blends depends on the blend
composition, and its value extrapolated to that of the neat PEG is
considerably higher than that for the neat PEG at higher Tcs of 45,
46 and 47 C. Although the crystallization rate decreases with
increasing Tc, the above result exhibits that the crystallization rate
in the blend does not decrease so much as that of the neat PEG at a
high Tc. Namely, the crystallization rate is enhanced in the blend.
Such enhancement can be explained by the ﬂuctuation-assisted
heterogeneous nucleation based on the MitraeMuthukumar the-
ory [10] and the speculation by Zhan et al. [41]. According to the
simulation byMitra andMuthukumar, the nucleation rate increases
with decreasing spinodal quench depth DTs, while it decreases with
decreasing supercooling degree DTc as well known in usual crys-
tallization. In the blend with a UCST-type phase diagram of LLPS,
therefore, the crystallization rate is governed by the ﬂuctuation-
assisted nucleation at a high Tc and by the usual crystallizationFig. 14. The overall crystallization rates of PEG in PEG/iPMMA blends [11]; crystalli-
zations simultaneous with LLPS (a) and after LLPS (b).
Fig. 15. The phase diagram (a) and the time development of the characteristic length
at 110 C (b) of PEG/iPMMA blend [11]. In (a), the ﬁlled circles are cloud points esti-
mated by light scattering measurements, and the open triangles and squares are
equilibrium melting temperatures for SQ and WQ, respectively, obtained by the
HoffmaneWeeks plots. The characteristic length in (b) was obtained by Fourier-
transform of the optical microscope image.
Fig. 16. The parameters related to lamellar structure in PVDF/iPMMA blends [8]; the
open symbols indicate the parameters in the crystallization of only PVDF, and the ﬁlled
ones in the subsequent crystallization of iPMMA. The parameters expressed with the
ﬁlled symbols are exhibited in Fig. 18.
Fig. 17. SAXS proﬁles in the indicated states (a) and the corresponding one-dimensional correlation functions (b) [8]; (top,1) only PVDF crystallization at 128 C, (middle,2) iPMMA
crystallization at 100 C subsequent to PVDF crystallization and (bottom,3) crystallization of neat iPMMA at 100 C.
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zation rate is enhanced at high Tcs, which evidences the ﬂuctuation
effect on the nucleation.
InWQ, on the other hand, the crystallization rate of the blends is
almost independent of the blend composition and is lower than
that of the neat PEG. If the nucleation occurs in the PEG-rich
domain, the composition dependence of the crystallization rate
may not be observed because the composition of the PEG-rich
domain should be the same at the same Tc, irrespective of the
initial composition. Furthermore, the restricted domain may
depress the crystallization rate, because the phase-separated
domain might prevent the diffusion of crystalline chains to the
growth front of crystalline lamellae from the crystalline
component-poor domain [42].
In crystalline/amorphous blends, the amorphous component
varies higher-order structure such as lamellar and spherulite
structures. When the crystalline component is crystallized, the
amorphous component would be expelled from the space between
the crystalline lamellae to the interﬁbrillar region or outside theFig. 18. Schematic of the electron density and phase model for Pspherulite, because the amorphous component may work as an
impure substance in the crystallization even in miscible polymer
blends. However, because the diffusible length of amorphous
polymer chains during the crystallization is limited due to their
high viscosity, consequently a certain amount of the amorphous
component could be incorporated within the interlamellar region.
In this case, the spacing between the crystalline lamellae increases
with increasing the content of the amorphous component. Such
interlamellar inclusion has been observed in some polymer blends
[43e46]. The inclusion or exclusion is dominated by the relation
between the crystallization and molecular diffusion rates, accord-
ing to the KeithePadden theory [47]. When the crystallization is
much slow and the diffusive mobility is sufﬁciently high, the
amorphous component can be excluded from the interlamellar
region to larger space such as interﬁbriler region and/or outside of
the spherulite.
Such inclusion and exclusion behavior has been experimentally
conﬁrmed [8,45,46,48,49]. The open symbols in Fig. 16 [8] exhibit
the composition dependences of the long spacing d between theVDF/iPMMA in which both components are crystallized [8].
Fig. 20. Schematic models of possible chain folds of cyclic polymers [51]. The ﬁgures of
4 folds were reproduced from Ref. [52].
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thickness of the amorphous layer L2 ¼ dL1, respectively, in the
crystallization of PVDF for PVDF/iPMMA blends (in which iPMMA
behaves as an amorphous component here). d and L2 increase with
increasing iPMMA content in the PVDF-rich composition range,
whereas those decrease at the PVDF contents less than 0.6. This
behavior can be explained by the composition dependence of the
crystallization rate. As shown in Fig. 13, the crystallization rate of
PVDF is considerably reduced in the blendwith the PVDF content of
0.4, and the glass transition effect is not substantial here as
described above. Therefore, there is sufﬁcient time for the exclusion
of i-PMMA from the interlamellar region in the blends containing
less PVDF content than 0.6. The same tendencywas found for PVDF/
poly(1,4-buthylene adipate) (PBA) as well [46].
In miscible blends that both components are crystallizable,
there are two cases: both components crystallize simultaneously,
and one component crystallizes ﬁrst and subsequently the other
crystallizes.
Some unique morphologies such as concentrically growing or
interpenetrating spherulites have been reported in the simulta-
neous crystallization [50].
In the subsequent crystallization, the effect of the pre-existing
crystal structure on the crystallization kinetics and the resulting
lamellar structure is of particular interest. Fig. 17 [8] presents SAXS
proﬁles (a) and the derived one-dimensional correlation functions
(b) for the blends of PVDF/iPMMA, in which PVDF crystallized ﬁrst
and then iPMMA crystallized. Fig. 17 exhibits the following three
cases: (top, 1) the PVDF crystallization before the iPMMA crystal-
lization in the blend, (middle, 2) the iPMMA crystallization under
the pre-existing crystalline structure of PVDF, (bottom, 3) the
crystallization of the neat iPMMA. Two peaks can be observed in
the SAXS curve of (2). These peaks around 0.25 and 0.5 nm1 were
attributed to the presence of PVDF and iPMMA crystalline lamellae,
respectively, because those peaks disappeared at the respective
melting temperatures in the neat state. The peak positions due to
the PVDF and iPMMA crystalline lamellae are located in the smaller
and larger q sides than those of the PVDF in (1) and of the neat
iPMMA (3), respectively. Also, the correlation function in the
crystallizations of both components (2) has a crank shape between
the ﬁrst minimum and maximum peaks. This can be explained by
the three-phase model containing the iPMMA crystalline part be-
tween the PVDF crystalline lamellae. The phase model imaged fromFig. 19. Development of crystallinity of iPMMA crystallized at 100 C under the pre-
existed crystalline lamellae of PVDF [8].the correlation functions is shown in Fig.18 [8]. In this model, phase
A with the highest density can be undoubtedly assigned to the
PVDF crystalline phase. Phases B and C cannot clearly be assigned to
the crystalline iPMMA and amorphous PVDF/iPMMA mixture,
respectively, because the density of PVDF is signiﬁcantly high even
in the amorphous state. Morphological parameters obtained from
the SAXS peak position and the correlation functions after the
iPMMA crystallization are indicated by the ﬁlled symbols in Fig. 16.
The spacing d and the distance L2 between the PVDF crystalline
lamellae are expanded by the subsequent crystallization of iPMMA,
probably because the c-axis of the iPMMA crystal is mainly ar-
ranged perpendicularly to the interface.
In the crystallization of iPMMA under the existence of the PVDF
crystalline lamellae, as shown in Fig. 19, it was observed that the
time to reach the maximum crystallinity was much shortened
except for the blend having 0.7 wt. fr. of PVDF, compared to that in
the neat iPMMA [8]. Usually the crystallization rate decreases withFig. 21. Comparison of spherulite growth rates between cyclic and linear polymers;
PTHF (left) [54] and PCL (right: PCLeOH, linear and CePCL, cyclic) [55]. Modiﬁed by
permission of John Wiley & Sons, Inc. and American Chemical Society, respectively.
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as shown in Fig. 19, the induction period of the crystallization in the
blends is shorter than that for the neat i-PMMA. Therefore, this
unique behavior of the crystallization rate may be attributed to the
role of pre-crystallized PVDF as a nucleating agent.
4. Cyclic and branched polymers
4.1. Cyclic polymers
Because cyclic polymers have no chain ends, numerous con-
formations are excluded, which affects both the molecular
arrangement into crystalline lamellae and the crystallization ki-
netics. The folding times in the crystalline lamella should be an
even number as shown in Fig. 20 [51], which has been conﬁrmed
experimentally [51e53]. Also, a major conformation in four folds
was concluded to be a bilayer [51,52].
Contrastive results of the spherulite growth rate have been re-
ported for cyclic polymers, as compared in Fig. 21 [54,55]. Tezuka
et al. [54] and Takeshita et al. [51] observed that the spherulite
growth for the PTHF cyclic polymer was slower than that for the
corresponding linear one. In contrast, Córdova et al. [55] reported
that the cyclic polymer had a higher growth rate for PCL.
The growth rate of crystallization in Eq. (2) is expressed origi-
nally as [56]
G ¼ G0expð  DE=RTcÞexpð  DF=RTcÞ (3)
where G0 is a constant, DE the energy of transport, and DF the free
energy for nucleation which is written as
DF ¼ As VDf (4)
with the surface free energy As and the free energy difference VDf
between the melt and crystal, whereFig. 22. Polarized micrographs of spherulites of star and linear PTHFsDf ¼ DfusH
  TDfusS

; (5)and the equilibrium melting temperature is given by
T

m ¼ DfusH=DfusS; (6)
Therefore, when the enthalpy of fusion is the same, the growth
rate is determined by the interplay or competition between the
transport and entropic contributions, and the entropic contribution
is related to T

m by Eq. (6).
In the case of PCL, T

m of the cyclic was not signiﬁcantly different
from that of the linear. Therefore, Córdova et al. attributed the faster
growth of the cyclic PCL to the easier diffusion of the cyclic polymer
in the melt [55], though usually the transport term may not be the
dominant factor in high crystallization temperatures. On the other
hand, because T

m of the cyclic PTHF was considerably lower than
that of the linear one, the lower growth rate of the cyclic PTHF was
attributed to entropic factors by the following reasons [51,54]: as
the cyclic polymer is conformationally restricted, the molecular
arrangement in the crystalline lamella including the folding part is
signiﬁcantly limited, especially in the four-fold bilayer structure,
and therefore, the entropic difference between the crystalline and
melt states is larger for the cyclic polymer. In addition, because the
cyclic chain must behave as if it was a pair of chains tied with each
other under the restricted conformation, the conformational
change is not easy in the process of crystallization, which is related
to the transport energy (except viscous diffusion in the melt) such
as adsorption and reel-in on the growth front.
The constrained conformation characteristic of cyclic polymers
does not appear to affect the crystallization kinetics and melting
behavior for the cyclic PCL, whereas for PTHF the behavior of the
spherulite growth rate is consistent with that of the melting
temperature. It is desired to reveal the difference between PTHF
and PCL.and their blends at 20 C and indicated crystallization times [51].
Fig. 23. Spherulite growth rates of linear, cyclic and star PTHFs [51]; the numeral of the
sample code is molecular weight (of one arm chain for star), 030:3000 etc. Fig. 25. Plots of spherulite growth vs. total PEG-fraction for PEG/PMMA blends,
PMMA-graft-PEG/PEG blends and neat graft copolymers at 1/DT ¼ 3.5  102 K1 [57].
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Because one chain end of branched polymers is bound, the
diffusion of the branch chain is low and the chain density is high,
especially in star-like and brush-like polymers. As compared be-
tween star and linear PTHFs (designated by Star/Lin ¼ 100/0 and 0/
100, respectively) in Fig. 22, many spherulites generate in the star
polymer [51]. On the other hand, as shown in Fig. 23, the spherulite
growth of the star polymer is slower than that of the linear [51].
These contrasts are supposed to be caused by the differences in the
chain density and diffusion rate, respectively. In the blends of the
star polymer with the linear, the number of generating spherulites
in the blend ratios (Star/Linear) of 50/50 and 75/25 is signiﬁcantly
greater than that in 25/75 (Fig. 22), whereas the growth rate of the
spherulite varies linearly with the blend ratio (Fig. 24) [51]. These
show that the nucleation is governed by the major component
contained in the blend, and that the spherulite grows cooperatively
once the nucleation occurs.Fig. 24. The composition dependences of the growth rate and nucleation density for
the star/linear PTHF blends at 20 C [51].The similar behavior of the spherulite growth was observed for
the blend of PMMA-graft-PEG with the linear PEG [57] (where
PMMA is atactic), in which linear PEG and PMMA are miscible with
each other. At a constant DTc, the growth rate G can be expressed as
a function of the blend composition from Eq. (2) as follows:
lnG ¼ Aþ Blnf2 (7)
when Tc is approximated to be the same at a constant DTc.
As shown in Fig. 25 [57], lnG changes linearly with lnf2 for the
PEG/PMMA blend, as expected from Eq. (7). The blend of PMMA-
graft-PEG with linear PEG also has a linear relation, and the
extrapolated value of lnG to f2¼1 (lnf2¼ 0) agrees with that of the
neat PEG, which suggests that the spherulite grows cooperatively
between the graft and linear chains in the same way as the blend of
the star and linear PTHFs. On the other hand, the growth of the graft
chain in the neat PMMA-graft-PEG showed unique behavior. As
shown in Fig. 25, although lnG varies linearly with lnf2 of the graft
composition, the extrapolated value deviates from that of the linear
PEG. This may be caused by the grafting effect.
5. Conclusion
Over the past several decades, the higher-order structure and its
formation process in the multiphase polymer systems such as
polymer blends, block copolymers and graft copolymers have been
extensively investigated and well understood These investigations
were mainly regarding the phase separation in the amorphous
state, and therefore the word of ‘multiphase’ has meant usually the
phase-separated amorphous phase. However, it is natural that the
multi-“phase” contains the crystalline and liquid crystalline phases
as well as the amorphous phase. As described in this paper, the
understanding about the formation of the multiphase structure
containing crystalline or liquid crystalline phases has been deep-
ened during these twenty years.
Crystalline multiphase polymers are complex systems. The
higher-order structure is formed by two phase-transitions of LLPS
and crystallization, and it is determined by the kinetic as well as
thermodynamic factors in the polymeric systems. Therefore, the
interaction between the crystallization and molecular diffusion
should be clariﬁed furthermore. Especially, to control the phase
structure, quantitative evaluation of the kinetic factors, such as the
H. Takeshita et al. / Polymer 54 (2013) 4776e4789 4789diffusion of the amorphous chain in the crystallization, in real
multiphase systems is required.
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